The chemical synthesis of C 60 fullerene in the laboratory is still a challenge. In order to achieve this goal, we propose a synthetic route based on the dimerization between two pentacyclopentacorannulene (C 30 H 10 ) fragments employing the Diels-Alder cycloaddition reaction. Density functional calculations indicate that a step wise non-concerted dimerization mechanism of C 30 H 10 is favored over a one stage dimerization.
Introduction
Regarding the utopian idea that assures that "chemists must be able of synthesize everything imaginable", 1 there are a lot of complex molecules that resist the attempts of synthesis, becoming challenging targets for organic chemists. A clear example of this is the controlled bottom-up synthesis of carbon fullerenes. [2] [3] [4] [5] Even when some successful attempts have been made in the synthesis of prototypes for these systems, 6-10 an improvement of the known synthetic methods, as well as the development of new techniques, are still needed. 11 The present status of the synthesis of fullerenes has been reviewed previously by three of the authors. 5 Traditionally, fullerenes are synthesized by a collection of vaporization methods, 12 which lead to the production of fullerenes on a commercial scale. However, those methods imply a great environmental and energetic cost, and they are not very efficient, with yields lower than 1%. Additionally, the uncontrollable character of the reaction makes impossible to select a single fullerene or a specic isomer. Anctil et al. 13 pointed out that the energy used in the synthesis and the separation of C 60 can reach up to 106.9 GJ kg À1 (for comparison, the average annual electricity consumption for a US home in 2010 was about 41 GJ), 14 and if we add the energy needed for purication and functionalization, the total energy can suffer a threefold increase, making fullerenes expensive.
In the pursuing of an efficient method for the synthesis of C 60 , Sygula et al. 15, 16 have suggested the dimerization of two identical hemispherical C 30 fragments, as an "intriguing possibility" to synthesize fullerenes. Scott 17 also labelled the dimerization of hemifullerenes as a "particularly seductive strategy", and highlighted its resemblance with the dimerization of triquinacene to produce dodecahedrane, as was proposed by Woodward et al. 18 The work of McElvany et al. 19 showed that it is possible to obtain C 60 by the coalescence of large monocyclic C 30 rings obtained by laser induced fragmentation of carbon oxide precursors. In this case, the high energy annealing conditions provided by the laser allow for the dimerization and reorganization of the molecular cyclic precursors to form C 60 .
In the synthesis of geodesic polyarenes, all the efforts have been directed to the insertion of the needed curvature in the fragments. An advantage of the dimerization scheme is that the curvature is already present in the starting material, and the main issue, which forms the topic of the present work, is to develop a way to stitch those fragments together. Another advantage is that a successful dimerization will provide a direct method to synthesize the fullerene, consequently increasing the efficiency. Previous works have demonstrated the applicability of the Diels-Alder (DA) cycloaddition reaction in the growing of polycyclic aromatic hydrocarbons (PAHs), 20, 21 as well as a way to put two PAHs together. 22, 23 This reaction proceeds in solution and under mild conditions, and could be easily controlled and manipulated by the use of different substituents. [24] [25] [26] The progress in the synthesis of fullerene fragments has been steady. Scott 1 discovered an efficient method to obtain the fragment C 20 H 10 (corannulene; a carbon pentagon surrounded by ve hexagons) in high yield. The method combines chemical synthesis with ash vacuum pyrolysis. Many larger curved polycyclic aromatic hydrocarbons, some of them fullerene fragments have also been synthesized by similar methods, 4 and Mehta and Panda 27 have reviewed the work on the synthesis of bucky-bowl fragments as a previous step in the synthesis of C 60 . Geneste and coworkers 28 have shown that between the known isometric hemifullerenes C 30 H x derived from C 60 , the pentacyclopentacorannulene C 30 H 10 (labelled 1 from now on), is one of the most similar to C 60 in terms of curvature. Cyclopentacorannulene C 22 H 12 , which can be viewed as having only one ve-membered ring at the boundary, instead of the ve pentagons of C 30 H 10 (1), has been synthesized by Abdouzarak et al. 29 using the Scott method. 1 The synthetic methods that use ash vacuum pyrolysis or other high-energy gas phase methods have been scarcely employed for the simple annulation of fully unsaturated ve-membered rings onto the perimeter of PAHs. 1 However, Scott et al., using microwave-assisted intramolecular arylations, included fused networks of veand six-membered rings into the corannulene to obtain indenocorannulenes (ICs) and the complete family of all seven ICs (mono-IC, orthodi-IC, para-di-IC, 1,2,3-tri-IC, 1,2,4-tri-IC, penta-IC and tetra-IC). 30 Although the full C 30 H 10 (1) has not been synthesized yet, one can expect that similar methods will allow for the synthesis of this fragment. On the basis of ab initio calculations Mojica et al. 31, 32 suggested that C 30 H 10 (1) is a good dienophile towards DA cycloaddition reaction with butadiene and possesses high symmetry, which makes it an ideal fragment to produce C 60 H 20 and the C 60 fullerene (Fig. 1 ).
In this work we have studied, using the density functional theory (DFT) 33 and the nudge elastic band (NEB) method, 34 the DA dimerization of two C 30 H 10 fragments (Fig. 1) . The resulting C 60 H 20 molecule is a C 60 fullerene wrapped by a double belt of twenty H atoms forming C-H bonds around the equatorial plane of C 60 (the poles are occupied by the central pentagons of the two fragments). Although the C 60 H 20 molecule with the belt of twenty H atoms, has not been obtained experimentally, its structure has been described theoretically by Keppert and Clare, 35, 36 and it is isostructural with the one that we obtained. Our results expand the work of Sygula et al. 15, 16 and Scott 17 and support the DA dimerization of C 30 H 10 (1) as a viable synthetic strategy to produce C 60 H 20 as a precursor of C 60 .
Computational methods
Density functional calculations 33 have been performed using the supercell method with a basis set of plane waves, as implemented in the DACAPO code. 37 The ionic cores are represented by ultraso pseudopotentials. 38 An energy cutoff of 350 eV was taken for the plane wave expansion of the wave functions, and a cutoff of 1000 eV for the electron density. Electronic exchange and correlation effects are treated by the generalized gradient approximation (GGA) of Perdew and Wang (PW91). 39 We considered a supercell of size 25 Â 15 Â 15 A and a single k point [1,1,1] of the Monkhorst-Pack type. 40 The selected supercell size is sufficiently large to minimize the interaction between molecules in different cells. The activation barriers occurring in the dimerization process have been calculated by using the nudge elastic band method. 34 Calculations made with the Gaussian 09 (G09) program 41 package at the B3LYP/631-G(d,p) level of theory 42, 43 for selected structures along the dimerization path fully conrm the results obtained with the DACAPO code.
Results and discussion
The DA dimerization of two C 30 H 10 fragments 1 + 1 could occur through a one stage mechanism or a stepwise mechanism. In the one stage mechanism all the ten new C-C bonds will be formed in a single step DA reaction, whereas in the stepwise mechanism two new bonds will rst join both fragments together to form an open C 60 H 20 , and the eight remaining bonds will be formed subsequently, due to the proximity of the edges of the fragments, leading to the C 60 H 20 with the C 60 cage structure. The two dimerization mechanisms of C 30 H 10 have been investigated.
(1) One stage dimerization
In this case ten C-C bonds are formed simultaneously between the C atoms of the edges of the two fragments (those C atoms of the fragments saturated with H atoms). To calculate the minimum energy path (MEP) for the one stage dimerization we consider three parts of the process: the rst part starts with the two fragments at a large distance, facing each other and properly oriented in order to facilitate the formation of the desired C-C bonds between the diene moiety (blue color) of one fragment and the dienophile moiety (red color) of the other (Fig. 2) . The two fragments are stepwise approached one to the other till the distance between the central pentagons of the fragments is 7.5 A (inset labelled (b) in Fig. 3 ). At this distance, the two fragments are separated but begin to deform (the corannulene rings are slightly attened) due to the fragment-fragment interaction. During the approaching path just described, a constrained minimization of the structure is performed at each step, keeping xed the distance between the central pentagons of the two fragments. The energies along this path, shown in the le panel of Fig. 3 , indicate that the energy increases as the two fragments approach each other because of the deformation induced by the interaction between the fragments. The rigidity of C 30 H 10 against attening deformations was noticed by Liu et al. 44 in their theoretical study of the bowl-to-bowl inversion of this molecule. The last part of the dimerization process is investigated going backwards from the nal conguration of the C 60 H 20 molecule. The two C 30 H 10 fragments are stepwise separated along their common axis till the distance between the two opposite polar pentagons is of 7.5 A (inset labelled (d) in Fig. 3 ). At this distance, the cage structure is still preserved although somewhat deformed. At each step a constrained minimization is performed, similarly as it was explained above. The energies along this path are shown in the right panel of Fig. 3 .
Then the minimum energy path (MEP) joining the two previously obtained structures (the structures shown in the insets (b) and (d) of Fig. 3 , having, in both cases, a distance of 7.5Å between the polar pentagons) is calculated by applying the NEB method. A barrier of nearly 7 eV has to be overcome to fuse the two fragments into the C 60 H 20 molecule. The distance between the polar pentagons remains almost constant along this path (although it is allowed to vary). The main structural change is carried out by the C-H bonds. In the separated fragments the C-H bonds prolong the surface of the carbon frame. In contrast, in the cage structure, the C-H bonds are almost perpendicular to the surface of the cage. The hybridization of the C atoms that form the bonds between the two fragments changes from sp 2 in the separated fragments to sp 3 in the cage structure. Thus, the DA reactions on this preferred orientation will end up forming the C 60 H 20 molecule.
(2) Stepwise dimerization
In this mechanism, two, four, six and ten C-C bonds are formed sequentially between the two fragments (see Fig. 4 ). A fourstages process is devised starting from the separated fragments, going successively through three intermediate (metastable) structures (2, 3 and 4 in Fig. 4 ) having, respectively, two, four, and six C-C bonds between the two fragments, and ending up in the C 60 H 20 cage having ten C-C bonds between the two fragments. Notice that a metastable structure having eight C-C bonds between the two fragments does not appear and therefore the system evolves from structure 4 (having six C-C bonds Fig. 2 The reactive sites of the fragments considered for the Diels-Alder reaction are shown in the red and blue circles for the fiveand six-membered rings, respectively. Fig. 3 Minimum energy path for the one-stage dimerization of two pentacyclopentacorannulene fragments (1 + 1). The dimerization is decomposed in three stages (panels) explained in the text. The energies are given with respect to the energy of the separated fragments as a function of the distance D1 between the two fragments (distance between the opposite apex pentagons) for the first and third panels, and as a function of distance D2 (average distance between the ten pairs of carbon atoms forming the ten bonds that unite the two fragments) for the intermediate panel. 1) . The energies are given with respect to the energy of the separated fragments as a function of the distance D2 (average distance between the ten pairs of carbon atoms forming the ten final bonds that unite the two fragments). Each panel corresponds to the formation of two additional C-C bonds between the two fragments, except for the final panel that corresponds to the formation of four C-C bonds. The initial, final and transition state structures for the processes represented in each panel are shown as insets labelled (a)-(i). The coordinates of the selected structures shown in the figure are provided in the ESI. † Carbon and hydrogen atoms are represented in grey and yellow colours, respectively.
between the two fragments) to the C 60 H 20 cage (having ten C-C bonds between the two fragments) in a single stage. The three intermediate structures (2, 3 and 4) have been fully optimized. Then the minimum energy path between every two successive structures is calculated using the NEB procedure. The MEP energies and some representative structures are shown in Fig. 4 , and the coordinates of those representative structures are provided in the ESI. †
The formation of the rst two C-C bonds between the fragments is an endothermic process, a DA cycloaddition reaction 31 costing about 2 eV, with an activation barrier of 4 eV (1 + 1 / 2). Once the two fragments have formed the rst two C-C bonds, the formation of two additional C-C bonds is exothermic with respect to the structure with only two C-C bonds, releasing an energy of 1.2 eV (2 / 3), although this conguration (3) is still 0.8 eV higher in energy than the separated fragments. The activation barrier for the formation of the third and fourth C-C bonds is 1.1 eV (2 / 3), substantially smaller than the activation barrier in the rst step. The formation of the next two C-C bonds occurs by an exothermic process (3 / 4), releasing 1.1 eV aer overcoming an activation barrier of 1.1 eV. This is the rst intermediate structure (4) in the path of dimerization which is more stable than the separated fragments (by 0.3 eV). Finally, the cage structure is closed with the formation of four more C-C bonds (4 / C 60 H 20 ). This step is highly exothermic (4.5 eV) with an activation barrier of only 0.5 eV. It is noticeable that the activation barriers decrease and the exothermicity increases along the successive steps leading to the closing of the cage. The stepwise dimerization is more probable than the one-stage process of Fig. 3 because it involves signicantly smaller activation barriers.
Producing a C 60 fullerene from the C 60 H 20 molecule requires removing the belt of H atoms (see Fig. 5 ). However, we nd that the system formed by C 60 and ten free H 2 molecules is less stable (about 10 eV higher in energy) than the C 60 H 20 molecule.
The removal of hydrogen in the form of molecular H 2 from C 60 H 20 would cost, in average, about 1 eV per H 2 molecule to arrive to the clean C 60 fullerene. Therefore, the dehydrogenation of C 60 H 20 is an endothermic process that would require high temperatures or appropriate reactants. Other possibility would be to use ultraviolet (UV) radiation. This has been proposed to be the key to the formation of Co 60 from large polycyclic aromatic hydrocarbons like C 66 H 20 in the interstellar medium. 45, 46 Fort and Scott 20,21 have shown that the use of nitroderivatives of ethylene in DA reactions provides an efficient way to increase the number of benzene rings in polycyclic aromatic hydrocarbons. Therefore, a promising way of controlling and manipulating the energy of the C 30 H 10 DA cycloaddition and C 60 H 20 aromatization reactions to obtain C 60 could be the use of electron-withdrawing and electron-donating groups 47, 48 in the two pentacyclopentacorannulene fragments. Our previous studies of the substituent effect in the reactivity of C 30 H 10 suggested that it is possible to increase its reactivity in the DA reactions. 31, 32 The results presented support the possibility to dimerize C 30 H 10 and the existence of C 60 H 20 . In fact, the fullerene hydride C 60 H 20 has been detected in the mass spectra of C 60 hydrides synthesized by condensation of benzene molecules, 49 although, the structure of C 60 H 20 formed in these experiments is not necessarily the belt-like structure discussed here, which is closely connected to the structure of the precursor C 30 H 10 . Boltalina et al. 50 synthesized and characterized spectroscopically the analogue molecule C 60 F 20 . The C 60 F 20 was obtained through uorination of fullerene C 60 with Cs 2 PbF 6 or with KF/ MnF 3 mixtures under vacuum at temperatures of 580 C and 480 C, respectively. The structure of C 60 F 20 comprises two dehydrocorannulene caps held together by a (CF) 20 chain. This suggests that the experimental chemical synthesis of C 60 H 20 should be an achievable challenge.
Conclusions
Using the density functional formalism, we have performed calculations to investigate the dimerization of two identical hemispherical C 30 H 10 fragments to produce C 60 H 20 , as a way to synthesize the fullerene C 60 in a direct and efficient way in the laboratory. A stepwise mechanism is favoured over the one stage mechanism because the energy barriers involved are lower. The activation barriers decrease and the exothermicity increases along the successive steps leading to the closing of the cage. The results support the possibility to dimerize C 30 H 10 and the existence of C 60 H 20 . Even when C 30 H 10 has not been synthetized, Scott et al. 30 have pointed out that the syntheses of the indenocorannulenes constitute the rst demonstration that the stepwise introduction of curvature can be pushed all the way to produce a level of curvature equal to that of C 60 and even beyond. We hope that our results will motivate synthetic chemists to synthesize the fragment C 30 H 10 and attempt its dimerization.
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